Amendment under 37 CFR § 1.116 
Serial No. 10/809,809 
Attorney Docket No. 042278 

REMARKS 

j 

Claims 1-19 are pending in the present application. Claims 1-8 are withdrawn. Claim 15 
is herein amended. 
Specification Objection 

The title of the invention was objected to for lack of descriptiveness. The title of the 
invention has been amended to clearly indicate the invention to which the claims are directed. 
Withdrawal of the objection is requested. 
Claim Rejections - 35 U.S.C. § 103 

Claims 9-19 were rejected under 35 U.S.C. § 103(a) as being unpatentable over Kishi 
(U.S. Patent 6 ? 133 5 605). Favorable reconsideration is requested. 

Claims 9 and 12 recite a manufacturing method of a semiconductor device. The 
manufacturing method includes steps for forming a gate insulation film. The steps include 
forming a silicon oxide film over the silicon substrate and introducing nitrogen into the silicon 
oxide film for displacing silicon atoms on a surface of the silicon substrate towards the gate 
insulation film side. The claims recite the silicon oxide film having a thickness of 1 .5 nm or less. 

Applicants respectfully submit that it would not have been obvious to one of ordinary 
skill in the art to use a silicon oxide film having a thickness of 1.5 nm or less from the teachings 
of Kishi. The use of a silicon oxide film of 1 .5 nm or less provides unexpected results. 

The enclosed reference, Awaji, High-Precision X-Ray Reflectivity Study ofUltrathin Si02 
on Si, J. Vac. Sci. Technology A., vol. 14, no. 3, pp. 971-976, May 1996 ("Awaji"), discloses a 
silicon oxide film whose thickness is 4.0 nm and has an interfacial layer on a surface of a 
substrate and a Si02 layer thereon. The interfacial layer has a thickness of 0.8 to 1.4 nm 
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(roughness of 0.4 nm). The density between these two layers is different. Also, while the 
bonding condition in the SiC>2 layer is almost perfect and strong, the bonding condition in the 
interfacial layer is imperfect. 

The thickness of the interfacial layer in a silicon oxide film formed by thermal oxidation 
is constant no matter how thick the silicon oxide film is. Therefore, when the thickness of a 
silicon oxide film is 1.5 nm or less, as in the present invention, the whole film is the interfacial 
layer. On the other hand, in Kishi, the silicon oxide film has not only the interfacial layer but 
also the SiC>2 layer. 

Accordingly, in the present invention, an intended strain can be generated by introducing 
nitrogen. In Kishi, on the other hand, the intended strain cannot be generated because of the SiC>2 
layer, in which the bonding condition is complete in the silicon oxide film. 

Behavior of a silicon oxide film (thickness of 2.4 nm) when it is nitrided in a NO gas 
atmosphere is described in the enclosed reference, Takahashi, Novel Interface Structures 
between Ultrathin Oxynitride and Si(001) Studied by X-Ray Diffraction, Jpn. J. Appl. Phys., vol. 
42, pp. 7493-7496, Dec. 2003 ("Takahashi"). The paper describes that the crystal structure of the 
silicon oxide film changes as nitriding progresses. Therefore, nitrogen atoms introduced to a 
silicon oxide film affect not only the interfacial layer but also the Si0 2 layer. In other words, the 
nitrogen atoms collapse the crystal structure of the Si02 layer and bond to the collapsed Si0 2 
layer before reaching the interfacial layer. 

Accordingly, the effect and function of nitrogen atoms differs when the thickness of a 
silicon oxide film is 2.2 nm and when it is 1.5 nm. This is the case even if the same nitriding 
treatment is performed. In addition, the influence which affects the interface between a substrate 

Page 10 of 12 



Amendment under 37 CFR §1.116 
Serial No. 10/809,809 
Attorney Docket No. 042278 

and the silicon oxide film differs between the two thicknesses. Therefore, it would not have been 
obvious to one of ordinary skill in the art to use a silicon oxide film having a thickness of 1 .5 nm 
or less from the teachings of Kishi. 

Accordingly, withdrawal of the rejection of claims 9-19 based on Kishi is hereby 
solicited. 

Applicants also respectfully submit that Kishi does not disclose: 

forming a silicon nitride film or high dielectric constant film over said 
silicon oxide film by a deposition method, after said step of introducing 
nitrogen and displacing silicon atoms 

as recited in amended claim 15. 

When a silicon nitride film or high dielectric constant film is formed by a deposition 
method, nitrogen or the like is newly supplied. Therefore, the dielectric constant of the gate 
insulation film further increases. This makes it possible to make an electrical thickness of the 
gate insulation film thin, and to decrease leak current. 

In Kishi, on the other hand, the oxygen-rich silicon nitrided oxide film 4 is formed by 
oxidizing a surface of the silicon nitrided oxide film. When forming the oxygen-rich silicon 
nitrided oxide film by oxidizing the surface, nitrogen is never supplied in the process. Therefore, 
the dielectric constant of the gate insulation film is not increased. 

Kishi does not disclose forming a silicon nitride film by a deposition method. Therefore, 
Kishi does not recite the elements of claim 15. 

Accordingly, withdrawal of the rejection of claim 15 based on Kishi is hereby solicited. 
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In view of the aforementioned amendments and accompanying remarks, Applicants 
submit that that the claims, as herein amended, are in condition for allowance. Applicants 
request such action at an early date. 

If the Examiner believes that this application is not now in condition for allowance, the 
Examiner is requested to contact Applicants' undersigned attorney to arrange for an interview to 
expedite the disposition of this case. 

If this paper is not timely filed, Applicants respectfully petition for an appropriate 

extension of time. The fees for such an extension or any other fees that may be due with respect 

to this paper may be charged to Deposit Account No. 50-2866. 

Respectfully submitted, 
Westerman, Hattori, Daniels & Adrian, LLP 

Andrew G. Melick 

Attorney for Applicants 

Registration No. 56,868 
Telephone: (202) 822-1100 
Facsimile: (202) 822-1111 

AGM/sg 

Enclosures: Awaji Article 

Takahashi Article 
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High-precision x-ray reflectivity study of ultrathin Si0 2 on Si 

N. AwaJI, Y. Suglta. T. Nakanishi. S. Ohkubo, K. TakasaW, and S. Komiya 

. Fufitiu laboratories UdL, 70-7 Morinosaio-Wakamiya, AUug! 243-01, Japan 
. (Received 2 October 1995; accepted 26 February 1996) 

We have developed # a high-precision difference-x-ray -reflectivity technique using intense 
synchrotron radiation and applied this to evaluate native oxides and ultrathin thermal, oxides on 
Si(lOO), We have successfully evaluated the density of native oxides. Native oxides formed by HCl 
and NH^OH solutions have a low density, in contrast to the oxides formed by H 2 S0 4 solution and 
UVVOj whose densities are close to those of thermal oxides. By carefully analyzing ultrathin 
thermally grown oxides with thicknesses of 40 and 70 A grown at $00-1000 °C, we have revealed 
" the existence of a dense (-2.4 gfan 3 ), thin (-10 layerattheSiOySilnterfece. Ctaddes^rowoin 
03 or HCl/0 2 have a thinner interfacial layer compared ia those grown in 0 2 . We have evaluated the 
effects of ambient and temperature at oxidation on the interfacial layer and the SiO a layer. 0 1996 
"American Vacuum Society. 



I INTRODUCTION 

Tha current trend toward increased density of ultralarge 
scale integrated devices has required highly reliable ultrathin 
SiOj gates as thin as 40 A. For such ultrathin oxides, char- 
acterizations of the initial surface before oxidation, along 
with the structure at the SiCySi interface for the grown ox- 
ide, are important issues. X-ray reflectivity technique offers a 
powerful tool to evaluate the density, thickness, and surface 
and Interface micraraughness for multilayer thin film^ with 
a well-established theoretical basis. 1 "" 4 However, application 
of the techniques to Si6 2 an Si (Refe, 5 and 6) has not been 
popular since the closeness of the density of SiO z to .that of 
the Si substrates leads to a weak oscillation fringe superim- 
posed on a rapidly decreasing reflectivity intensity, which 
made detailed evaluation difficult Also the dynamic range of 
measurement was not enough to evaluate the structure at 
around 10 A- Recently, wc developed high-precision 
difference-x-ray-reflectrvity (DXR) techniques using the in- 
tense synchrotron radiation that enables the detailed evalua- 
tion of ultrathin $i0 2 on Si. 

II. EXPERIMENT 

The x-ray reflectivity is measured using synchrotron ra- 
diation at beatnlinc 17 C Photon Factory (PF) KEK using a 
grazing incidence x-ray dififractometer. 7 An x-ray wavelength 
of 13 A was chosen by the Si(lll) double crystal mono- 
chromctcr for measurements- Highly parallel, intense syn- 
chrotron radiated x rays are applied with an incident colli- 
mating slit of 100 fim and a reception slit of 200 m before 
the Nal counter. An aluminum absorber is placed after the 
monoehrometer to attenuate the incident x ray by 1/1000 to 
avoid saturation of the counter for measurement at the inci- 
dent angle ift f denned by the angle between an incident x ray 
and the sample surface, below 0.5°, The typical counting rate 
of reflectivity was ZX10 8 ops at a low incident angle, after 
correcting the absorber, and the background count was 8 ops. 
This provided more than 10 7 intensity range of reflectivity. 
The corresponding scattering angle, 2& extended up to 
around 9*. 



The measured reflectivity is usually compared directly to 
the model calculation. However, to see the contribution of 
such thin layers more clearly, we denned the DXR1 The DXR 
(denoted by AR) is obtained by subtracting the average log 
reflectivity, log i? 4VC , from the measured log reflectivity, 
log ft* of the sample as follows: 

Ai?^iog(i?//? 4 vJ. 

Jtm, must be clearly defined and has no oscillatory behavior. 
It is not difficult to mathematically confirm that if the refrac- 
tive index of the thin film and the substrate are similar, the 
global structure of reflectivity can be canceled out by apply- 
ing the reflectivity of the substrate as the R^, and AR pro- 
vides the interference fringe originated from the ultrathin 
layer. As described later, term is subtracted out from 
both measured and calculated reflectivity the same way* In 
this case, the contribution of subtracted in the least 
square function defined below, is totally canceled out and 
the nonsubtracted x* results. Hence, no additional Inaccuracy 
has been introduced by -this subtraction in the least square 
analysis. The advantage of the difference method is much 
clearer during, minimization, such as Initial parameter setting 
or convergence criteria and the appropriateness of the model. 

The reflectivity can be calculated from Snell's law based 
on the complex refractive index" 77 = I - S+i(3 of the materi- 
als, which is proportional to the density of the materials in 
the hard x-ray regime 1 We developed the optimization pro- 
gram based on the Marquardt minimization procedure for the 
extraction of film parameters. The reflectivity is calculated 
based on the Vidal and Vincent formalism. 7 ' In the model, the 
Gaussian rms raicroroughness of the sample surface and the 
interfaces between layers are fully considered. 3 - 4 The com- 
plex refractive index of materials is obtained from me table 
of atomic scattering factors by Henke et a!} and Sasaki. 9 

111. NATIVE OXIDES 

CZ-St(lOO) wafers were cleaned using H2SO4/H2O2 fol- 
lowed by dipping in 5% HF solution to remove chemically 
formed oxides. The wafers are processed by the following 
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Fid. 1. Experimental x-ray reflectivity from native oxxda* formed by various 
chemical solutions. The reflectivhy of the Si wafer after removing the HQ- 
fixmcd native oxide by HF dip fc also shown for reference. For clarity; cadi 
curve has been displaced vertically by 0.5. 



various chemical treatments: boiled HC1 solution 
(7%HCl-5 a /oH202), boiled NH4OH solution (4%NH 4 OH 
^•/SH^Oa), boiled H2$0 4 solution (83%H 2 S0 4 
-4*61^0^ boUed HNOa solution (61 yaHNO^, Os-water, 10 
' and UV/O, treatment 11 '" The 0 3 -wHter sample was formed 
by rinsing the HP dipped wafers for 10 min in 18 ppra 
Oj-water produced' by electrolysis. Hie UV/O, samples 
were prepared by transferring the boiled HNO3 wafers in a 
quartz chamber, in which a highly purified oxygen gas flows 
' (2 slmX containing 5% ozone produced by a discharge-type 
ozoniaer, with irradiation by a mercury tube for 5 miru 

For each condition, more than two wafers were prepared 
and the reflectivity was measured to confirm the repeatability 
of the result. After the measurements, native oxides at the 
sample surfece were removed by 5% HF dipping for 5 min. 
The reflectivity of such hydrogen-terminated Si wafers was 
also measured and used as the average reflectivity, 

Figure 1 shows the measured reflectivity of native oxides 
formed by various chemical treatments, along with mat of Si 
wafers after removing the HCl-fonned native oxide by HF 
treatment. The DXRs of the measured samples are shown in 
Fig. 2. The interference fringes of native oxides are clearly 
visible, with a significant difference in the fringe intensity for 
each chemically treated sample. 

The upper part of Fig. 3 shows the calculation of DXR. for 
the typical 10 A native oxides with surface and interface 
roughnesses of 3 and 2 A, respectively. The assumed' densi- 
ties of oxides In Fig. 3 are from 1,9 to 23 g/om ? . From 
comparing the calculated to the measured data, it is clear that 
the densities of native oxides depend on the chemical solu- 
tions used. The dip position of the interference fringe closely 
relates to the thickness of the native oxide. By this compari- 
son, the thickness of native oxides formed during chemical 
treatments are almost the same. 

In the analysis, the reflectivity of HF-dipped Si wafers 
was analyzed by the model, assuming only a Si substrate. 




21* (dag) 

Fro. 2. Difference x-ray reflectivity, obtained by dividing the reflectivity of 
native coride by that of HF-treated Si wafer, for various chemically formed - 
samples. 



The density of the Si wafer extracted by optimization was 
consistent with the known value of 2-33 gftan 3 within a mar- 
gin of error, and it was fixed at this^vame during the follow- 
ing analysis. The fitted roughness of HF-treated Si wafers are 
summarized in column cr, kf in Table L in the' next stage, the 
DXR was analyzed by minimizing the error function defined 
as 

where A/^t> and are the measured and .calculated 

DXR intensities of the native oxide, respectively, and w is 
the weight for each data point The resultant parameters are 
smnmarized in Table L w The attached errors on the extracted 
parameters took into account mat of least square minimiza- 
tion and the reproducibility of the result. 

The thickness of the native oxide was around 10 A with a 
slightly Unck value for the UV/Oj treatment sample, in terms 
of the density, the native oxides formed by boiled HC1 and 
boiled NH4OH solutions are less dense compared to those of 




Fkj, 3. Calculated difference x-ray reflectivity for die typical 10 A native 
oxides with a surface and intcrfece roughness of 3 and 2 A, respectively. 
The density of the oxide i* 1.9-2.3 g/cm J . 
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Tabic L Parameter of native oxides extracted from 4* fit cr, and <r r3P indicate the surface roughness of 
native oxide and thai of HF-treoed Si wafers, respectively. <r, indicates the Interface roughness at Si suhstnuc 



Sample 



Oxide 
thictove$s(A) 


Density 
(g/cm 3 


(A) 


•* 
(A) 


(A) 


11.3 


2.07 


Z1 


3.<S 


3.1 


t0.7 


111 


3.5 


3.5 


3-1 


12.3 


2.16 


3.8 


3.4 


3.0 


10.4 


2:23 


5! 


3.5 


3.1 


10.5 






3,5 


2.9 


.14.4. 


2,25 


3.9 


3,5 


3.0 


±0J 


±0.02 


±2.0 


±0.1 


±0.1 



HCi:K,0,'H a O 

NH40H;H a O a ^O 

HNO, 

Oj water 
UVOyHNO, 

Error 



-boiled H2SO4, 0 3 ^watcr, and UV/0 3 treatment oxides, 
whose densities are as close as thermal oxide. The density of 
HNQj oxide is somewhere between these. The obtained re- 
sults of the surface roughness were around 35 A and almost 
the same for all these sampled The SiCVSl imerfece rough- 
ness, a-j. that relates to the modulation of the interference 
fringe, is hard to determine accurately because of the limited 
number of fringes for such ultrathin films. Hie differences in 
interlace roughness la Table 1 may be due to inaccurate fit- 
-ting, the surface roughness of HP-dipped " Si wafers, o- XrH F, 
may approximately represent the interface roughness before 
the removal of native oxide and turned out almost the same 
for the various chemically treated. samples. The main differ- 
ence when using our method on the native oxides is the rum 
•density. 

The chemical characterizations of native oxides by Fou- 
rier transform Infrared CFTER) spectroscopy and x-ray pho- 
toclectron spectroscopy (XPS) revealed that large amounts of 
silicon hydrides (St-H) and silicon hydraxyls (Si-OH) exist 
in chemical oxides, with the exception of H2SO4 and UV/0 3 
treated chemical oxides. 14 " 16 The atomic force microscopy/ 
assuming tunneling microscopy (AFM/STM) study of the ul- 
traviolet excited fluorine (UV7F) etched surfece 1 ' on .boiled 
HO and NRiOH formed native oxides revealed the exist- 
ence of a poor-cmality area in me film that is easily removed 
by the etching. Also, a study of the ultraviolet chlorine 
(UV/cy etched surface 19,19 of native oxides revealed that 
the Oj-watcT treated sample Has a relatively flat surface 
compared to the referenced HN0 3 sample, and UV/0 3 
treated samples are almost as flat as the initial surfaces. 

The observed low density of the HC1 and NH 4 OH formed 
oxides may be the result of a structural imperfection In the 
S10 2 due to the existence of many Sl-H and Si-OH bonds 
that results in loosely packed native oxides. In such oxides, F 
or CI radicals are easily diffused and etch the films quickly. 
In the case ofO s -watcr and UV/O s treated native oxides, the 
oxygen radicals effectively oxidize the Si-H, and Si-OH 
weak bonds result in the low impurity, closely packed native 
oxides. 

IV. THERMAL OXIDES 

We prepared thermal oxides with thicknesses of 40 and 70 
A. Two types of 40 A oxides were grown thermally at 
SCO °C in 200 Torr O a , where better electric properties were 



obtained than in 0 2 ambient, starting from the $i wafer 
cleaned by boiled HNO* with and without UV70 3 treatment 
discussed above* The UV/0 3 treated wafers were trarafeVred 
to the load-locked oxidation furnace without being exposed 
to the air to avoid humidity and contamination. The heating 
system is a hot-walled type with 4%-5% ozone made from a 
discharge type ozonizer. We grew 70 A oxides m three dif- 
ferent ambient, 200 Ton- Of, 200 Torr O,, and atomosphenc 
pressure Hd/0 2 ambient at temperature between 800 and 
1000 °C to see their structural differences, and measured the 
reflectivity for these samples. * 

To obtain DXR from the data, the measured reflectivity 
data of the Si substrate is not appropriate for 5 W since the 
surface roughness of the grown oxide and the Si substrate are 
not necessarily close, in contrast to the case of native oxide. 
Tncrcfiire, we applied the calculated, reflectivity of the Si 
wafer with the same surface roughness as grown oxide for 
the average reflectivity as = R^t*Jsr&Dj> The standard 
error function was [ applied in the optimization since R^ 
terras cancel out, 

X*=2(logu, tf^-Iogu R^) 2 /w\ 

In the model fitting to the reflectivity of thermal oxides, 
there are two possible solutions having the same interference 
amplitude in which the oxide density Is less or more dense 
relative to mat of the Si substrate. Figure 4 shows the calcu- 
lated DXR for the 40 A oxide whose density varied from 
2.15-X5 g/cm 3 along with the usual x-ray reflectivity for 
oxide with a density of 2.15 gfam 3 . From Fig. 4, the inter- 
ference fringe clearly changes in the phase when the oxide 
density , coincides with that of the Si substrate. The ambigu- 
ous solutions on density can be resolved from the shape of 
the first fringe at around the critical angle, tft c , where bumps 
indicate more dense oxide film and dips indicates less dense 
film. 

In Figs. 5 and 6, typical DXRs of four samples are shown, 
(a) and (b) are for the 40-A samples, (c) is for 70 A oxide 
grown at 1000 °C In 0 3 ambient, and (d) is for 70 A oxide 
grown at 1000 °C HCl/0 2 ambient 

The broken line in Pigs, 5 and 6 represents the result of 
the single layer model where a uniform Si0 2 on the Si Sub- 
strate is assumed. From the data, the oxide density of sample 
(a) and (b) exceeds that of Si unlike the lower density for 
samples (c) and (d). However, the agreement between the 
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.Pta 4. O Bfw it ftfwl difference xnrfty reflectivity for 40 A oaridca. Tho assumed 
oxide densities arc 2.15—2.5 g/cm\ InmrfenrnM escalation changes its 
phase wfien (ba codde density exceeds that of Si (2_33 g^cm 5 )- Original x-ay 
mfiectfviiy for dxfdfl with a density of 2.15 fi/cm* has bctn shown as a 



single layer model and the measured data is not satisfactory. 
The calculated DXR cannot reproduce the peak position of 
the oscillation and the intensity modulation precisely, and the 
fittings to the overall data necessitate the discrepancy of the 
intensity at the total reflection region below #.( = 0\ 187°). In 

. a single layer model, the difference of density between Sl0 2 
and Si reflects the interference amplitude. On the other hand, 
oxide thickness reflects the interval of the interference oscil- 
lation. The surface roughness introduces the monotonic 

* damping of the reflectivity Intensity along the incident angle. 
The SiOj/Si interface roughness introduces the damping of 
the interfe rence oscillation along the incident angle. From 
these features, these parameters are determined almost hide-, 
peodentiy during the optimization. In this highly constrained 



r 1 — i i j i j 

0,1 : >>0,40A 




t 1 1 i « 

0 12) 460 7 

iv(dofl) 



F)0, 5, Observed difference x-ray reflectivity for 40 A oxides grown at 
800 °C in Oj ambient Before oxidation, Si wafers ere cleaned by boiled 
, HNOj, with the additional UV/O, treatment for ample (b). Broken lin« 
indicate ttte results of optimisation based on the single layer model The 
solid line is for a two layer model which assumes a (bin, dense eaterfadal 
layer at $fty3i interface. 




2v<de fl ) 

Fro. 6\ Observed difference x-ray reflaetrvfy for 70 A oxides grown at 
1000 °C in (c) O, ambient and (d) HO/O, ambient Broken and solid lines 
are the same as m Fig, 5. 



single layer model, there is no room for giving such a phase 
the change and intensity modulation seen in the data. 

By carefully analyzing the data, we found that the two 1 
layer model with a thin, high-density interracial layer pro- 
vides quite satisfactory agreement with the data, as denoted 
by the solid line in the same figures. The existence of an 
additional thin layer introduces a wide interval oscillation 
that interferes with the regular oscillation from the bulk SiO? 
layer, and can reproduce the observed modulation features in 
the data. Such amis, dense toter&cial layer was required for 
all measured samples. Other combinations of parameters, 
such as a low-density iuterfacial layer or low-density surface 
layer, were also explored but could not reproduce the ob- 
served DXR. So* the obtained solution would be unique. The. 
three layer model that consists of two interfacial layers did 
not Improve the function and the densities of these two 
interracial layers are the same within their errors compared 
to that of the two layer modeL This Indicates tho interfacial 
layer can be treated as one layer within the precision of our 
measurement In the model, we assumed the chemical com- 
position of the interfacial layer to be SiOj- Ttte results from 
the x-ray reflectivity are insensitive to the chemical dements 
and their chemical bondings. Actually, the 8 in the complex 
retractive indices, which determines the shape of reflectivity, 
is given by $=(r<>N A /2ir)\ z p(Z+f)/A, where r 0 id the 
classical electron radius, N A is Avogadro's number, \ is the 
x-ray wavelength, pis the density, A Is the atomic mass, and 
(Z+T) is the atomic scattering factor. In the equation, the 
comrwsitkm-dependent electron density (Z+f)/A has val- 
ues of 0.5040, 0J5046, and 0.5058, for Si0 2f SiO, and Si, 
respectively, at wavelength 13 A. As 6 is the product of this 
term and the density, only a 035% difference can be 
achieved for the density of the mterfacial layer whether we 
assume Si0 2 or St for the composition of the interfacial 
layer. This is because the high-energy x ray can excite all 
electrons in the atom whose number is close to half the 
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Table ILgyteA^parametefs for 40- A-thi cfc thermal oxides,' grown at 800 "C, Oj ambient, based on the two 
Iaycpmtfcfcl whew <h© thin, dense intcrfadal layer exists at SiOj/Sl faterfece. <r f tod <r, indicate the SiO* 
[face Toughness and interface raininess at Si substrate. 







Intorfecial layer 






SiOj layer 




Pretreatmcnt 
before oxidation 


CA) 


Density 


Thickness 
(A) 


<** 
(A) 


Density 


Thickness 
• (A) 


(a) HN0 7 

(b) HKOj+UV/O, 


1.8 
2.2 


141 
141 


14.0 

ill 


4.1 
4.0 


2.35 
2.36 


25.6 
2S.3 


Error 


±2.0 


±0.02 


±1.0 


=£<U 


±0.02 





atomic number. This is in clear contrast to the optical method 
at long, wavelengths. In this two-layer model, we set the 
roughness between the interracial layer and the SiO a layer to 
2 A due to the large fitting error of the parameter: Results 
from the two layer model for 40 A oxides are summarized m 
Table It The density of the S\O z layer is high compared to 
the thick SiOj (~2^5 g/cm 3 ). The difference between the 
two samples is in the thickness of the interfacial layer. 

Figure 7 shows the evolution of the thickness of the in- 
terfacial' layer on the. oxidation temperature for 70 A 
samples. The thickness ranged from 8-14 A. The thickness 
decreases as the temperature mcreases. The CVgrown oxides 
have (he drickest mterfacial layers. Oxides grown in 0 3 and 
HCI/Oj ambient have me thinner inlerfacial layers, 
" Figure 8 shows the densities of the mterfacial layer and 
the SiOj layer versus oxidation temperature. The density of 
the interfacial layer is almost constant at around 2,4 gfcm 3 
with a slight decrease at a high oxidation temperature for t) 2 
and O s oxidation. On the bulk Si0 2 density, it decreases in 
the same way as that of the mterfacial layers for O2 and O3 
oxides, while it decreases much more rapidly far the KCI/O2 
oxide whit the oxidation temrjerature. 

These Jesuits are compatible, in a margin of error, with 
the nuclear reaction analysis using O w isotopes and the 
thickness determination by transmission ele ct r on microscopy 
(JEM), where the oxide density -2,45 g/cm* (Rc£ 20) for 



810°C,O2 grown 29 A oxide was deduced Different results 
on a structural transition layer were reported by the grazing- 
incidence x-ray diffraction technique,' 1 where a less dense 
(2.4 g/cm 3 ) transition layer of —.70 A exists between Si and 
die hieh density (2.6 g/cm 3 ) bulk SiO a layer. However, such 
a high density SiO z layer, as dense as quartz, should give the 
unacceptably higji renactive index of 1.55 for the optical 
ellipsometry 22 compared to the standard value of 1.46, This 
unacceptabry high oxide density ^vith a thick mterfecial layer 
may come from the large error inherent in the estimation of 
x-ray penetration "depth at the incident angle near the critical 
angle of total reflection. The density obtained by DXR tech- 
" ttique should have small systematic errors since interference 
fringes depend on the difference of density to that of the Si 
substrate, whose densities are kept constant to 233 g/cm 3 
during optimization, in addition to the simultaneous determi- 
nation of thickness, roughnesses, and the structure of 
samples! 

V. DISCUSSION. 

So far, various characterizations have been performed on 
the SiOj/Si system, and the experimental results have been 
explained by (I) the model whose interface is abrupt and has 
no mterfecial layer/ 3 (IT) the model which proposes the ex- 
istence of a ^stoichiometric (SiO,) layer at the SiOa/Si 
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interface, 24 " 26 and (10) the model in which the.transitions of 
crystal-Si into amorphous-Si0 2 proceed via crystalline or the 
ordered phase of Sip*. 27 -* 0 

- Our result clearly disagrees with the type-I model. How- 
ever, our method gives no direct information on the stoichi- 
ometry or the crystallLnity of the imerfecial layer in, the 
type-II and -HI models. On the other hand, to explain the 
deviation of oxidation kinetics from the Deal-Grove model 
for ultntfhin (<6 mn) oxides, the "reactive layer" model has 
been proposed 34 and developed 23 based mainly on the kinetic 
studies and the O (Ret 18) labeling experiments. The reac- 
tive layer is defined as a thin (1-2 nm) oxide layer near the 
mtcrfecc as a diffusion barrier to the interstitial O a . The ori- 
gin of the low oxygen diffiisivity of mc layer is considered to 
come from the large compressive stress at the interface, This 
strain produced a compact oxide with small rings or micro- 
crystals. The density df such a compact oxide wni be high 
compared to the bulk Si0 2 . Also the crystalline polymorph 
of SiOj as tridymite, cristobalite, quartz, or coesite, has high 
.densities ranging from 2^6-2.9 g/cm 3 . These can explain 
the observed high density of about 2.4 gfcnr? of the interfa- 
ce! layer. Then* the observed high density interracial layer is 
possibly the direct measurement of this reactive layer. 

As the compact oxide or crystal line phase will be quasis- 
table under the compressive stress, the population will de- 
crease as the oxidation temperature increases; The observed 
decrease of the interfacial layer thtefaiess along the oxidation 
temperature can be interpreted as the decrease of such a 
phase by Jhe thermal annealing. The existence of chemically 
active Oj and HCl accelerates the transition of such a phase 
into amorphous SiQj, that leads to a thinner interfacial layer, 
in agreement with the ciystal-truncation-rod (CTR) study of 
P2 and 0 3 grown oxides. 25 Oxides grown in HCl/0 2 ambient 
• also have a thin, dense interfacial layer with a low density, 
open structure amorphous SiOj layer. 

The electrical study of 40 A gate oxides, 1 * Indicated the 
oxides grown from the UV/O r treated dense native oxide has 
a low surface state density (D^ and small leakage current 
compared to that without me treatment, even in the case of 
same oxidation conditions- UV/Oj treated native oxide, free 
from poor-<iuaifty areas associated with Si-H or Sl-OH 
bonds, introduced the uniform oxidation layer at the Si sur- 
face whose structure remains on the interfacial layer for such 
ultrathin oxides. This lead to good-quality gate oxides. 

On the other hand, O r grown oxide has superior electrical 
properties compared to Oj-grown oxides. 12 it is possible that 
ozone accelerates the phase transition of the high density 
phase to amorphous Si0 2 that suppresses the nonuniform 
growth of the high density layer at the interfacial' defects of 
Si* 20 which leads to the uniform amorphous oxides with im- 
proved electric quality. 
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For ultrathio oxynitride layers 2.4 run thick. X-ray crystal truncation rod (CTR) scattering is conducted to investigate the 
interface structures between oxynitride and Si(001). (004) and (2G2)CTRs showed that the [amorphous oxide]/Si(001) 
interface is hardly varied by NO-oitrided oxynitridation. On the other hand, (111)CTR indicated that epitaxial oxide 
crystallites in the matrix of amorphous oxide layer are significantly affected by nitrogen: It is very likely that nitrogen atoms at 
the interface are captured by these crystallites after their migration on the interface. As interstitial atoms, the adsorbed 
nitrogen makes the crystallites amorphous. Such ao annihilarion of the crystallites should be responsible for the high 
performance of oxynitride as gate oxides. Further oxynitridation where the nitrogen concentration reaches 4at% showed a 
distinct variation in (Ul)CTR, indicating the creation of a novel structural order at the interface. Such a srructural order is 
likely to be nucleated by the excessively concentrated nitrogen. A close relationship between the novel structural order and 
degradation of the over-oxynitrided layers is strongly suggested. (DOI: 10.1 143/JJAP.42.7493] 
KEYWORDS: oxynitride, Si{100) surface, gate oxide, MOSFET, X-ray diffraction, CTR scattering, nanocrystafllne 



L Introduction 

Continuous scaling down of silicon-based devices re- 
quires ultraihirj gate oxides with high reliability. Oxynitri- 
dation is one of the promising methods for preparing 
ultrathin gate oxides in highly mmiaturized metal-oxide 
semiconductor field-effect transistors (MOSFETs). Nitrogen 
atoms incorporated into thermal oxide layers on Si(001) 
substrates have been known to result in many physical 
properties of gate dielectrics: The density of interface traps, 
interface-state density, interfacial smoothness, rate of boron 
diffusion to the oxide, dielectric Dermittivity, dielectric 
breakdown, and" leakage current density are usually im- 
proved by several appropriate oxynitridation procedures. 1 " s> 
However, over-oxynitridation is known to degrade the gate 
dielectrics: Carrier mobility in the MOSFET channel is 
sometimes lowered and interfacial roughness is increased by 
an excessive amount of nitrogen * ,7} It is a bit surprising that 
the variation in the interface structure has scarcely been 
investigated by diffraction techniques, although numerous 
studies concerning the atomic structure of oxynitride/ 
Si(001) interfaces have been presented, 8 " 13 * 

X-ray scattering is a well-established technique for 
nondestructive structural analysis of buried interfaces. In 
particular, X-ray crystal truncation rod (CTR) scattering is 
quite sensitive to the structures of crystalline surfaces and 
interfaces. 14-16 * Different regions of reciprocal space usually 
provide different kinds of infonnation about the interface 
structure under examination. Therefore, by choosing the 
measurement regions in the reciprocal space appropriately, 
wc can selectively observe the interfacial structure between 
microcrysialHtes and a crystalline substrate, even if an 
amorphous matrix occupies a major area in the interface- 
Actually, we have reported comprehensive CTR studies 
about the oxide crystallites distributed into the amorphous 
thermal oxide layers on Si(001) substrates 17 " 20 (Several 



'E-mail address: suikyo@ksc.kwansci.acj; 



JP 



results were also confirmed by other researchers. 22 ^: 

(1) In a matrix of amorphous thermal oxide, there are 
crystallites that are epitaxially grown from the Si(00l) 
substrate; 

(2) Coverage of the crystallites is smaller than 10% at the 
interface (usually, U is several %); 

(3) Stoichiometry and crystal structure have not yet been 
established. However, a model structure of Si0 2 type, 
referred to as pseudocristobalite, has been proposed 
which fully reproduces the observed (11 1)CTR with a 
few fining parameters. 

One of the aims of our study is to clarify the origin of the 
positive and negative properties of oxynitride ultrathin 
layers from a structural standpoint. Such a study may give 
us insight for a practical prescription for rnaniifacoiring 
reliable gate oxides less than 2nm in thickness. In this paper, 
interface structures of NO-nitrided oxynitrides 2,4 nm thick 
on Si(00i) wafers are reported: We present (004), (202) and 
(ill)CTRs measured by synchrotron radiations so as to 
elucidate the change in the interface caused by incorporated 
nitrogen in the oxide. 

2. Experimental 

The substrates were p-type Si(001) wafers, the surfaces of 
which had been cleaned by standard cleaning procedures 
prior to oxidation. Wet oxidation was performed to grow an 
oxide layer of 2.4 nm thickness. A mixture of NO and Ar gas 
was adopted for oxynitridation. The oxynitridation temper- 
ature was 900*C. Nitrogen concentration was controlled by 
the annealing time in the oxynitridation process. Nitrogen in 
the oxide layer was evaluated by secondary ion mass 
spectroscopy: The present procedure yielded oxynitride 
layers with the maximum concentration of nitrogen i at.% 
(i=0 f 1, 2, 3, 4, 5. 6). They are referred to as sample 0, 
sample I , sample 2, and so on. 

Two synchrotron radiation facilities were utilized for 
X-ray diffraction measurements: BL17A of the Photon 
Factory (K£K) and BL13XU at SPring-8.' 3) Reflectivity and 
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(lll)CTR were collected at BL17A, and CTR scattering 
around the (004) position and that around the (202) position 
were measured at BL13XU. Reflectivities for several 
selected samples were also measured at BL13XU. 24 * The 
X-ray wavelength was tuned to 0.1 nm in both experiments 
and all the measurements were performed at room temper- 
ature. 

3. Results 

Figures 1(a) and 1(b) show the integrated intensities of 
(004)CTR and (202)CTR; they indicated no systematic 
variation among the samples. 25 ' On the other hand. CTR 
scattering aiouad the (111) position in reciprocal space 
exhibited complex variation, particularly in /-values ranging 
between 03 and 0.9. (lll)CTRs shown in Fig. 1(c) can be 
classified into three groups: Samples 0 and 1, samples 2 and 

3, and samples 4 and 5- By calculating the structure factor, 
we found that (004)CTR and (202)CTR are not very 
sensitive to the epitaxial crystallites. 3 ^ However, the 
interfacial crystallites significantly affect the (11/)CTR at 
/-values between 0.3 and 0.9. Consequently. (004)CTR and 
(202)CTR mainly afford the structure of the (amorphous 
oxide) /Si(001) interface, whereas we can obtain information 
an the structure of the [epitaxial pseudocristobaiite crystal - 
lites]/Si(001) interface by measuring the (1 1 1)CTR. 

In previous studies of thicker oxide layers, i.*. t thermal 
oxide films of 20-80 nm thickness, a distinct intensity 
enhancement at the (ll/ Wttr ) position, where U is usually 
between 0-4 and 0,5, as well as La^-function-like fringes 
around the {llLad were observed. 17 " 205 Since this (11W) 
reflection is indexed as the (101) Bragg reflection of 
epitaxial pseudocristobaiite, the /^-value simply represents 
the inverse of the lattice parameter of pseudocristobaiite in 
the direction normal to the interface, conventionally referred 
to as the c-axis length in the tetragonal lattice. According to 
our previous studies, A(/ wax )^[{(ll/ wdf ) reflection intensi- 
ty} - {(11/)CTR intensity from a Si(001) at reflects 
the volume fraction of the pseudocristobaiite crystallites in 
the oxide layer. If we recall the thickness of the ultrathin 
oxide layers in this study (2.4 nm) and the c-axis length of 
pseudocristobaiite (1.2-13 nm), no clearly resolved peaks 
around (11/^) should be expected; only a broad hump or 
shoulder may be observed near the (il/ m «) position. 
Nevertheless, by evaluating &0max) we can estimate the 
coverage of the crystallites At the interface even in the case 
for the ultrathin layers investigated in this study. 

4. Discussion 

For the dtrathin oxynitride layers, the coverage of the 
interfacial crystallites can be proportional to A,(0 = 

/ .CTR^BS. (/) _ /s ,CTlLCA J _ (0 i=Q5 

/ .ctr.obs. (/) ^ ±e observed (1 10CTR intensity of sample 
i. and /ss™"*^/) is the calculated m/)CTR intensity 
scattered from a Si(OOl) surface. 27 * / S i CTRXAL -(0 is shown in 
Fig. 2(a) by solid curves. In Fig. 2(b), there is a broad peak 
in A,(/) and Ao(/) around /=:0.57 which is close to 1^ of 
the thicker oxides we have observed. We consider that these 
broad peaks indicate the existence of the crystallites in the 
ultrathin oxynitride (sample 1), as well as in the ultrathin 
thermal oxide (sample 0). Fitting procedures to /,- cnLDM -«) 
based on our pseudocristobaiite model successfully con- 
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between the ultrathin oxynitride and Si(OOl). Definition of sample i 

tf = 0 6) is written in the text, for samples 0 and I. the best-fit 

calculation based On the epitaxial pscudocriiiohalite model is indicated as 
solid curves. The ritted parameters are listed in Table I, 



verged only for samples 0 and 1. The refined parameters are 
listed in Table I and the best-fit calculations are also shown 
in Fig. 1(c) as solid curves (the program was the same as that 



Jpn. J. Appl. Phys. Vol. 42 (2003* PL 1. No. 12 



1. Takahashi ct ai 7495 



(a) 



: a* 



-10 ; X 



-M : 



-16 





C* Sample 0 A Sample 1 
XSampH2 X Sample 3 
• Sample 4 QSampfcS 



fc2 0,4 0.6 0.8 t 1.2 1,4 
Index t (reciprocal lAiik* imin 



1.6 



20 
IS 
10 

f 5 
0 



❖ Sample 0 A Sample 1 
X Sample 2 XSwnpk3 



-Sample 4 o Samples o 

^O 



X 

- - -J? ■ 



025 035 (US OSS a<5 0,75 OAS <L95 
index / (reciprocal lattice unit) 

Fig. 2. /^^(O. / Si cnu: ^(/) (a), and A,(f) (b). for «mple 
(fc*>....,5). Definitions of tf 2 ™^/). la cttJMm it> and A,(0 are 
described in the text In order to calculate h^^it), scale and 
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greater than 0.9 in which the structure factor of pseudocristobalite is 
negligible. Fitted roughness parameters a [am] and estimated standard 
deviations (listed in parenthesefl) are 0. 1 1 (0.02) for sample 0, 0.16(0.02) 
for sample 1, 0.16(0.07) for sample 2, 0.18(0.07) for sample 3. 0.13(0.06) 
for sample 4, and 0:22(0-08) for sample 5. For clarity, f I cn - aBS (l) 
(symbols) and /a 0 ""^/) (solid curves) of different samples are 
displaced vertically in (a). For samples 0 and 1, broad peaks arc indicated 
in A,(0 around M>,57, whereas no peak is seen for samples 2 and 3 in 
this range. A broad hump in A/(0 appears again for samples 4 and 5 
where the center of the hump is shifted to a larger /-value, although the 
peak profile is not resolved here. 



Table I. Fitted parameters of Sample 0 and sample 1 . Discrepancy factor R 
is given as Sib /**(/) - In/^COI/SI ln/<**(/)| where and 
(0 are the Observed (I1QCTR and calculated (1 IfjCTR based on the 
pseudocrisiobabie model. Coverage p represents the area fraction of 
pseudocristobalite in the Interface, c is the lattice parameter of 
pseudocrisinbalite crystallites, cf represents the root mean square rough- 
ness Of the interface. The estimated standard deviations (ESDs) obtained 
by (he least-squares routine ore indicated in parentheses. 
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P (*) 


<r [am] 


<r [am] 


Sample 0 


0.009 


0.73(0.03) 


1.27(0.01) 


0.13(0.01) 


Sample 1 


0.014 


0.90(0.02) 


1.28(0.02) 


0.18(0.01) 



used by us in refs, 18-20; the number of the unit ceil of 
pseudocristobalite stacked in the direction normal to the 
interface (denoted in ref . 1 8 was fixed to be one. since 
the assumption P max > \ did not give any sufficient fittings). 



Thereby, we conclude that the oxymtride layer still holds the 
epitaxial crystallites at the initial stage of oxynitridation 
even if me thickness of the oxymtride layer is comparable to 
the oaxis length. 

For samples 2 and 3, no enhancement is seen in A 2 (0 and 
A 3 (/) in this range, indicating annihilation of the crystallites 
in these oxynitride layers. The least-squares routine per- 
formed for the corresponding data sets shown in Fig. 1(c) did 
not show any indication of the epitaxial crystallites for these 
samples, either. Hence, there is no doubt that further 
oxynitridation where the nitrogen concentration reaches 
2aL9fc causes the annihilation of the interfacial crystallites. 
Two important results were obtained in this study: (i) 
nitrogen concentration of 2aL% is sufficient to destroy 
almost all the interfacial crystallites; (ii) the [amorphous 
oxide]/$i(00l) interface is hardly changed by the nitrogen 
incorporated, which is indicated from the negligible varia- 
tion between sample 0 and sample 2 in (004)CTR (Kg. l(a)J. 
The results (i) and (ii) lead us to an interesting speculation: 
we consider that the stable sites for the incorporated nitrogen 
are within the epitaxial crystallites, and the nitrogen in the 
crystallites destroys the host pseudocristobalite crystallites in 
the end. A drastic volume expansion due to nitrogen 
incorporation may transform the crystallites into amorphous. 

For samples 4 and 5, one more interesting feature was 
revealed: (lll)CTRs of samples 4 and 5 have a shoulder 
similar to samples 0 and 1 [Fig. 1(c))." However, the shoulder 
shifts at higher angles than those of samples 0 and 1, 
indicating the shrinkage of the c-axis length. The least- 
squares fittings of (111)CTK exhibited' a tendency to give a 
c-axis length of the crystallites less than 0.8 nm for samples 
4 and 5, although these fittings have never converged 
successfully. A 4 (0 and A 5 (0 shown in Fig. 2(b) would also 
support the perspective, i.e M the center of the broad hump in 
A 4 (/) and A 5 (/) shifts to larger /-values than those of Ao(0 
and Ai(/). Since shrinkage in lattice constant from 1.27nm 
to 0.8 nm without changing the crystal structure is hardly 
acceptable and we have observed the disappearance of 
pseudocristobalite crystallites in samples 2 and 3, it is 
natural for us to consider that another crystalline order is 
formed at the interface by further oxynitridation. If such a 
change is triggered by oxynitridation, excess nitrogen at the 
interface should act as nuclei for the novel structural order. 

The disappearance of the epitaxial crystallites and the 
formation of the novel structural order in the interface 
should be responsible for the various, complex variations of 
the physical properties of the oxynitrides reported. We think 
that the annihilation of the pseudocristobalite crystallites can 
be the origin of the improved performance of oxynitride as 
gate oxides, since such microcrystallites at the interface can 
increase the interface state density as well as the interfacial 
roughness; the concept that a leakage current tends to flow 
through the crystallites is highly appealing to the authors. On 
the other hand, the novel structural order observed in the 
over-oxyniirided samples (for samples 4 and 5) can be the 
origin of the degradation of gate dielectrics: The structural 

order at the interface as a form of atomic clusters may 
slightly roughen the interface and increase strains at the 
interface; it can lower the channel mobility by increasing the 
scattering probability of carriers. Relationships among the 
decay of the epitaxial crystallites, formation of the novel 
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structural order, and evolution of many physical properties 
of oxy nitride layers constitute an important subject that 
should be intensively studied for manufacturing MOSFETs 
in the near future. 

5. Summary 

We have investigated the interface structures between 
oxynitride ultrathin layers and Si(OOl) by synchrotron 
radiations. As the most striking result, the interfacial 
crystallites revealed annihilation as oxynitridation proceeds, 
implying that the nitrogen atoms are selectively absorbed by 
the interfacial crystallites and the crystallites are destroyed 
by the interstitial nitrogen in the end. The formation of a new 
ordering structure at the interface was strongly suggested in 
the case of the higher nitrogen concentration, although we 
did not construct any structural model for it We consider 
that me excessive incorporation of nitrogen at the first 
interfacial layer can be the nuclei of the novel structural 
order. 
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